Membrane impermeability is the major contributing factor to multidrug resistance in clinical isolates of Pseudomonas aeruginosa. By using laboratory strain PAK, a spontaneous P. aeruginosa mutant (mutant PAK1-3) whose membrane had reduced permeability and which displayed increased levels of resistance to various antibiotics, especially aminoglycosides, was isolated. By complementation of the mutant with a genomic clone library derived from wild-type strain PAK, a novel two-component regulatory system (PprA and PprB) was identified and was found to be able to increase the permeability of the bacterial membrane and render PAK1-3 sensitive to antibiotics. Furthermore, specific phosphorylation of the response regulator (PprB) by histidine kinase (PprA) was observed in vitro, demonstrating that they are cognate two-component regulatory genes. Introduction of a plasmid expressing the pprB gene into randomly chosen clinical isolates (n ‫؍‬ 17) resulted in increased sensitivity to aminoglycosides in the majority of isolates (n ‫؍‬ 13) tested. This is the first demonstration that P. aeruginosa membrane permeability can be regulated, providing an important clue in the understanding of the mechanism of membrane impermeability-mediated multidrug resistance in P. aeruginosa.
Pseudomonas aeruginosa is an opportunistic pathogen which poses a major threat to immunocompromised patients, burn victims, and cystic fibrosis (CF) patients (2, 6, 8, 31) . Individuals with CF acquire P. aeruginosa infection from the environment at an early age, and repeated treatment with various antibiotics selects for multidrug-resistant strains that may eventually cause patient death (1) . More than 90% of the deaths among CF patients are caused by lung infection with P. aeruginosa (18, 27, 28) .
Specific mechanisms of resistance include enzymatic inactivation of antibiotics, alterations of the target sites of antimicrobial agents, development of bypass pathways around antimicrobial targets, and reductions in cell wall membrane permeability (3, 23, 24, 25, 35) . Although most resistance mechanisms are antibiotic specific, membrane impermeabilitymediated resistance usually results in a multidrug resistance phenotype. Such impermeability mutants are common among clinical isolates of P. aeruginosa, especially in those individuals suffering from chronic infections. Previous studies have shown that as many as 90% of CF isolates have reduced cell wall permeability, thus presenting with a multidrug resistance phenotype (5, 28) . Although the mechanisms of resistance to specific antibiotics are well known, the molecular mechanism of multidrug resistance is poorly understood.
Aminoglycosides, including kanamycin, streptomycin, gentamicin, amikacin, and tobramycin, exert their bactericidal activities by inhibiting protein synthesis by binding to the 30S ribosomal subunit. Due to their efficient bactericidal activities, aminoglycosides are widely used in the treatment of various bacterial infections. However, P. aeruginosa isolates are intrinsically less sensitive to many aminoglycosides primarily due to their outer membrane impermeability and easily become resistant to high levels of aminoglycosides. Resistance is also attributed to an efflux pump, MexXY, that is specific for aminoglycosides, although overexpression of MexYY alone does not confer resistance to aminoglycosides (11, 14, 15) . More recently, a phenomenon called "adaptive resistance to aminoglycosides" has been described in P. aeruginosa both in vitro and in vivo (9, 37) , in which the level of bacterial resistance to aminoglycosides gradually increases following pretreatment with aminoglycosides or other agents. The molecular mechanism for this desensitization is totally unknown.
In this report, we describe a novel two-component regulatory system that up-regulates the permeability of the membrane to various antibiotics, presumably by turning on the synthesis of membrane proteins that mediate antibiotic transport or turning off efflux systems. Most strikingly, overexpression of the response regulator gene, pprB, in clinical isolates resulted in increased sensitivities to aminoglycosides in the majority of those isolates tested. Elevated levels of expression of the two-component regulatory genes increased the outer membrane permeability of P. aeruginosa to para-nitrophenyl phosphate (pNPP), which is a chromogenic substrate for alkaline phosphatase. The pprA-pprB regulatory system may represent a new mechanism for the control of membrane impermeability in P. aeruginosa.
MATERIALS AND METHODS
Strains and plasmids. The strains and plasmids used in this study are listed in Table 1 . To construct a clone bank of strain PAK genomic DNA, PAK chromosomal DNA was partially digested with Sau3A and fragments ranging from 3 to 5 kb were gel purified and ligated into the BamHI site of pUCP19. The ligation mixture was transformed into Escherichia coli DH5␣, and 5 ϫ 10 4 colonies were pooled; of these colonies, at least 20% had an insert; thus, the bank consists of at least 1 ϫ 10 4 independent clones with DNA inserts. To generate pWC005, a 0.5-kb NdeI-XmnI DNA fragment from pUCP19 that encodes the promoter and the N-terminal signal sequence of the ampicillin resistance gene was ligated into the SmaI site of pSOP3, which is located upstream of a signal sequenceless alkaline phosphatase structural gene (23) . The resulting plasmid, pWC005, encodes a translational fusion between the bla signal sequence and alkaline phosphatase.
The pprB gene was amplified from the PAK chromosome by PCR with the oligonucleotides 5Ј-GGC TAA TAC CAT TCG GTA TGG CTG CAT TCC-3Ј and 5Ј-CTT GGA TAC ATC GAC GCG GAG ATT CTG AAG-3Ј. The PCR product was cloned into pCR2.1-TOPO, resulting in pCR-RR, in which the pprB gene is in the opposite direction relative to that of the lac promoter. The pprB gene was then subcloned as an EcoRI fragment into the same site of pUCP19, with insertion of the pprB gene in the same or opposite direction relative to that of the lac promoter on the vector; these plasmids were designated pZLRR-␣ and pZLRR-␤, respectively. A tetracycline resistance gene cassette was isolated from pBR322 as an EcoRI-AvaI fragment, blunt ended, and inserted into the SspI and ScaI sites of pUCP19 to generate pUCPT19. Then, the EcoRI fragment from pCR-RR, which contains the pprB gene, was inserted into the same site of pUCPT19 to generate pRRBTc, in which pprB is in the same direction as the lac promoter.
Overexpression and purification of PprA and PprB. To overproduce the PprA and PprB proteins in E. coli, the coding regions of the two open reading frames were amplified by PCR with primer sets consisting of primers 5Ј-GTG AGC TGG TCG GAT CCT CGA ATT TTC CCG-3Ј and 5Ј-GGT TGA AAA AAC GCA AGC TTG TCC GCA GGC-3Ј and primers 5Ј-GTA TGA CCA TGG ATC CAA CCG GCC TCG C-3Ј and 5Ј-GGC AGG GCG GAA GCT TGC TGA TCT AGC A-3Ј. The primer sequences were based on the genome sequence of strain PAO1. The PCR products were first cloned into pCR2.1-TOPO, with the plasmids designated pYW017 and pYW020, respectively. Subsequently, a 2.8-kb pprA fragment from pYW017 and an 862-bp pprB fragment from pYW020 were isolated and subcloned into BamHI-HindIII sites of pQE32 and pQE31, resulting in pYW021 and pYW024, respectively.
To purify the His-tagged PprA and PprB proteins, E. coli strain M15 harboring pREP4 and pYW021 or pYW024 was induced with 1 mM isopropyl-␤-D-thiogalactopyranoside for 6 h at 28°C. Overproduced six-His-tagged PprA and six-Histagged PprB proteins were affinity purified from the soluble fraction of the cell extracts with a nickel-agarose column by the protocol provided by Qiagen, Inc. Purified proteins were dialyzed against storage buffer (50 mM Tris-HCl [pH 8.0], 50 mM KCl, 5 mM MgCl 2 , 1 mM dithiothreitol, 50% glycerol) overnight and stored at Ϫ20°C until use.
For in vitro protein phosphorylation tests, 10 l of reaction buffer (50 mM Tris-HCl [pH 7.4], 50 mM KCl, 5 mM MgCl 2 , 1 mM dithiothreitol) containing 5 Ci of [␥-32 P]ATP was mixed with 1 g of purified protein, and the mixture was incubated at room temperature for 5 min. The reaction was terminated by the addition of 5 l of 4ϫ loading buffer. The reaction mixture was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), stained with Coomassie blue dye, dried, and exposed to X-ray film.
Whole-cell alkaline phosphatase assay for assessment of outer membrane permeability. An overnight culture of P. aeruginosa with proper antibiotics was washed once with fresh Luria-Bertani (LB) medium and reinoculated into 3 ml of fresh LB medium without antibiotics to an A 600 of about 0.1. After culture for 7 h, the cells were washed once with ice-cold reaction buffer (0.1 M Tris-HCl [pH 8.0], 100 mM NaCl, 5 mM MgCl 2 , 0.1 mM ZnCl 2 ) and resuspended in 3 ml of the same buffer, and the final cell density (A 600 ) was measured. The reaction was started by adding 0.1 ml of the cell suspension to a reaction mixture containing 0.8 ml of reaction buffer and 0.1 ml of pNPP (0.08 mg/ml in 1 M Tris-HCl [pH 8.0]). All reactions were carried out in a standard plastic spectrophotometer cuvette at room temperature. The samples were allowed to react for 2 min, and 0.1 ml of 1 M KH 2 PO 4 was added to terminate the reaction. The cells were centrifuged, and the A 410 of the supernatant was measured. Samples with no substrate were used as negative controls. An index of outer membrane permeability was calculated as A 410 /A 600 [S] , where [S] is the pNPP concentration.
Miscellaneous assays. The MICs of the various antibiotics tested were determined by standard protocols (2, 19) , and assays for ␤-galactosidase activity were performed by a previously described protocol (16) . The outer membrane proteins of P. aeruginosa were isolated by the protein fractionation protocol described before (21) .
RESULTS
Characterization of a spontaneous mutant of P. aeruginosa with decreased sensitivities to antibiotics. To understand the mechanism that results in a high frequency of multidrug resistance in P. aeruginosa, we selected spontaneous neomycinresistant mutants of PAK that were able to grow on Luria agar (L-agar) medium containing 200 g of neomycin per ml. A multidrug-resistant isolate, designated PAK1-3, was identified among the initial isolates through further screening of the resistant mutants. PAK1-3 is not only resistant to neomycin, but the MICs of all the aminoglycosides tested were also increased, including those of kanamycin, streptomycin, gentami- Table 2 ), suggesting that it has a permeability defect. Consistent with this prediction, PAK1-3 has a slower growth rate compared to that of its parent strain, PAK, as seen from the smaller colony sizes and the delayed increase in cell density in liquid cultures (data not shown). However, its sensitivity to carbenicillin is not significantly changed, indicating that it has a limited substrate specificity (Table 2) . A novel two-component regulatory system controls antibiotic sensitivity in PAK1-3. With the assumption that PAK1-3 is an impermeable mutant as a result of the loss of a gene function, we attempted to complement the mutant with wild-type PAK chromosomal DNA clones. A clone bank of 3 to 5 kb of PAK chromosomal DNA in pUCP19 was electroporated into PAK1-3. Transformants were first selected on L agar containing carbenicillin (150 g/ml) and were then replica plated on L agar containing carbenicillin (150 g/ml) plus neomycin (200 g/ml) to screen for isolates that are sensitive to aminoglycosides. A total of 5,000 colonies were screened, of which 3 colonies were sensitive to the neomycin (Fig. 1) . To confirm that this sensitivity phenotype is due to the presence of a plasmid and is not due to a reversion or a secondary mutation, plasmids were purified from the three isolates and retransformed into fresh PAK1-3 cells. Two of the three plasmids indeed conferred to PAK1-3 sensitivity to the aminoglycosides, whereas one of them failed to do so. The effective two plasmids were identical by DNA sequence analysis, and the plasmid was designated pUCP19B.
pUCP19B was found to contain a 3,280-bp DNA insert encoding a 2,768-bp putative histidine kinase homolog, identical to PA4293 of the Pseudomonas genome sequence (http://www .pseudomonas.com/), designated pprA, which is transcriptionally fused under the lac promoter of the vector. Tests of subclones derived from the 3.3-kb insert as well as insertional inactivation of the histidine kinase structural gene in pUCP19B demonstrated that lac promoter-driven expression of the pprA gene is essential to confer aminoglycoside sensitivity to strain PAK1-3 (data not shown). Unlike the majority of the known sensor molecules, the PprA protein lacks a signal sequence or transmembrane segments; thus, it is likely a cytoplasmic protein. The N terminus of the PprA protein has PAS and PAC motifs that are known to be involved in various signal-sensing functions (38) . Therefore, it is likely that in the cytoplasm PprA senses external signals through either binding to a diffusible molecule(s) or interacting with another sensory protein(s).
PprA and PprB form a functional two-component regulatory system. On the basis of the genome sequence of P. aeruginosa, a 827-bp putative response regulator (PA4296; http://www .pseudomonas.com/), which we named pprB, resides 1,184 bp upstream of the pprA gene and is transcribed in the opposite direction from that of pprA. To see whether PprB is a cognate response regulator of PprA, we tested whether increased expression of pprB can also confer to PAK1-3 sensitivity to aminoglycosides. The pprB gene was amplified from the PAK chromosome by PCR and cloned into pUCP19, with the insert placed in the same or opposite direction relative to that of the lac promoter on the vector; these plasmids were designated pZLRR-␣ and pZLRR-␤, respectively. The pprB gene se-FIG. 1. Conversion of neomycin resistance phenotype by introduction of a plasmid expressing pprA or pprB. Bacterial cells from single colonies were streaked onto an L-agar plate containing carbenicillin (150 g/ml) alone or carbenicillin (150 g/ml) plus neomycin (200 g/ml) and were grown overnight at 37°C. quence of PAK differs from that of PAO1 by only 2 bases, without changes in amino acid sequences. When these two plasmids were transformed into the PAK1-3 background, only pZLRR-␣ and not pZLRR-␤ was able to confer sensitivity to aminoglycosides, suggesting that pprA and pprB likely function as a pair of two-component regulatory genes. Further evidence supporting this possibility was that fact that the effect of PprB overexpression was much more dramatic than that of PprA overexpression on the change in the MIC for PAK1-3 ( Table  2) . To further confirm the relationship between PprA and PprB, an in vitro phosphorylation test was performed. Like other two-component regulatory genes, both PprA and PprB contained conserved phosphorylation sites (histidine and aspartate, respectively). Both the PprA and PprB proteins were overproduced in E. coli by fusion to N-terminal His tags that are driven by tac promoters (see Materials and Methods). Overproduced proteins were purified from soluble fractions with nickel-agarose affinity columns and subjected to the phosphorylation test by using [␥-32 P]ATP (see Materials and Methods). As shown in Fig. 2 , PprA alone underwent active autophosphorylation, while PprB did not. However, in the presence of PprA, PprB is highly phosphorylated; thus, PprA functions as a specific kinase for PprB. Combined with the antibiotic sensitivity-conferring abilities of PprA and PprB, the phosphorylation results strongly suggest a sensor-response regulator relationship between PprA and PprB.
PprA-PprB regulates membrane permeability. To test outer membrane permeability, a whole-cell alkaline phosphatase assay was conducted. The whole-cell alkaline-phosphatase assay was based on the membrane-diffusion barrier model described by Martinez et al. (12, 13) . At low substrate concentrations, the high enzyme concentration and the low substrate level in the bacterial periplasm ensure that every substrate molecule entering the periplasm is converted into a product; therefore, the bacterial outer membrane functions as a diffusion barrier and the speed-limiting factor; thus, the reaction velocity increases in direct proportion to the substrate concentration.
Growth of PAK and PAK1-3 in L broth produced undetectable levels of endogenous alkaline phosphatase activity, whereas growth in medium with a low phosphate concentration resulted in high levels of alkaline phosphatase activity. However, under conditions with low phosphate concentrations, a high degree of cell lysis which interfered with the assay was observed. To overcome this, a plasmid that constitutively expresses the alkaline phosphatase gene, pWC005, was introduced into both PAK and PAK1-3. Using a method similar to that previously described for E. coli (12, 13), we have determined that the alkaline phosphatase activity of PAK/pWC005 is directly proportional to the pNPP concentration when the pNPP concentration is Ͻ1 mg/ml. PAK/pWC005 and PAK1-3/pWC005 were grown in L broth and incubated with 0.08 mg of pNPP per ml. As shown in Fig.  3 , the outer membrane permeability of PAK1-3 is at least 30% lower than that of wild-type PAK, agreeing well with the earlier prediction based on the antibiotic resistance and the phenotype of slower growth of PAK1-3. When the plasmid expressing pprB, pZLRR-␣, was introduced into PAK1-3, the resulting strain restored not only the membrane permeability (Fig. 3) but also the growth rate to the levels for wild-type PAK, demonstrating that PprA and PprB regulate bacterial membrane permeability, likely through regulation of the downstream genes directly involved in the membrane transport function.
In support of the conclusion stated above, differences in a few outer membrane protein bands between PAK and PAK1-3 were clearly visible (Fig. 4) , especially a 36-kDa protein band which is highly overexpressed in the PAK1-3 background. The 36-kDa protein was determined to be the major outer membrane porin, OprF, by mass spectrometric analysis. Interestingly, upon introduction of pZLRR-␣ into the PAK1-3 background, the outer membrane profile returned to that of the wild type, demonstrating that PprB influences the expression and/or outer membrane localization of a number of proteins, including the F porin. The contribution of OprF to aminoglycoside resistance is not known.
Overexpression of the pprB gene in clinical isolates renders increased sensitivities to aminoglycosides. To test whether increased levels of expression of the pprA-pprB two-component regulatory genes can render higher levels of membrane permeability among clinical isolates of P. aeruginosa, a pprB-overexpressing construct was introduced into clinical isolates. Eighteen isolates from patients with CF and 18 isolates from the blood of individuals without CF that show various degrees of resistance to gentamicin were randomly chosen for the test. Since the majority of those strains were resistant to carbenicillin (150 g/ml) but were inhibited by tetracycline (100 g/ ml), we have used a tetracycline resistance construct that expresses the pprB gene under the lac promoter, pRRBTc. We were able to introduce the plasmid into 17 isolates by electroporation, and in the presence of pRRBTc, the aminoglycoside MICs for 13 of those transformants decreased at least twofold compared to those for isolates containing the pUCPT19 vector alone, while the gentamicin MIC for the remaining 4 transformants did not change at all (Table 3) . These moderate reductions in the MICs are the result of a mere increase in the PprB level by the introduction of pRRBTc. Active signaling through the PprA-PprB two-component system might be required for the maximum effect on the MIC; nevertheless, an elevated level of expression of the pprB gene was sufficient to confer increased sensitivity to aminoglycosides to the majority of the isolates; thus, it is consistent with the prediction that PprA and PprB regulate genes that increase membrane permeability and transport, resulting in increased bacterial sensitivities to antibiotics.
DISCUSSION
Up to 90% of clinical isolates of P. aeruginosa appear to carry the impermeability type of resistance (18, 28) . It has been demonstrated that this type of resistance arises from the combination of an unusually restricted outer membrane permeability through mutation or changes in porin and lipopolysaccharide (LPS) structures and secondary resistance mechanisms such as energy-dependent multidrug efflux and the actions of antibiotic-modifying enzymes (3, 4, 17, 20, 29, 35) . P. aeruginosa strains that are sensitive to aminoglycosides can acquire such resistance at a high frequency. Under standard laboratory conditions, a laboratory strain of P. aeruginosa, PAK, shows a frequency of resistance to neomycin at 200 g/ml as high as 10 Ϫ6 . This is much higher than the standard spontaneous mutational rate of 10 Ϫ8 per cell per generation in E. coli. This high frequency of conversion to aminoglycoside resistance could be a result of either the hypermutational rate of P. aeruginosa (e.g., due to defective DNA repair), as has been described within the lung environment of patients with CF (22) , or a simple on-off phase switch to a state of a low level of cell permeability. Preliminary analysis of the pprA mutant indicates that there was no alteration in the antibiotic resistance pattern, suggesting the existence of multiple pathways controlling membrane permeability. Therefore, strain PAK1-3 may have a defect(s) in a further upstream regulatory gene that affects the expression and function of pprA and pprB as well as other regulatory pathways. We are in the process of dissecting the regulatory pathways. P. aeruginosa has an extraordinary ability to adapt to various growth conditions, enabling its survival under a variety of conditions ranging from different natural environments to various human tissues (10) . To do so, it is equipped with a large number of regulatory genes including more than 90 two-component regulatory genes (30) . It is possible that there are multiple regulons that are each capable of mediating the uptake of different classes of antibiotics. Indeed, the genome of strain PAO1 contains a total of 568 putative small-molecule transporters and 685 putative membrane proteins possibly involved in a complicated regulatory network. Comparison of the outer membrane protein profiles of PAK and PAK1-3 indeed shows significant differences, especially in major outer membrane porin F (Fig. 4) . Furthermore, the LPS patterns of PAK and PAK1-3 are significantly different, consistent with earlier observations that a low level of permeability is associated with an altered LPS pattern (4, 17, 29) .
A whole-cell alkaline phosphatase assay was used to evaluate outer membrane permeability. The whole-cell alkaline phosphatase assay was based on a membrane-diffusion barrier model described by Martinez et al. (12, 13) . In that model, alkaline phosphatase displays two types of kinetics: at high substrate concentrations (Ͼ1 mg/ml), equilibrium of the substrate between the solution outside the membrane and the periplasm was achieved and the reaction has Michaelis-Menten kinetics, while at low substrate concentrations (Ͻ1 mg/ml), the high enzyme concentration and the low substrate level in the bacterial periplasm ensure that every substrate molecule entering the periplasm is converted into a product; therefore, the bacterial outer membrane functions as a diffusion barrier and the speed-limiting factor. Thus, the reaction velocity increases in direct proportion to the substrate concentration. It is the latter type of kinetics that makes it possible to use this assay as a convenient tool to assess bacterial outer membrane permeability. Our data have demonstrated a positive correlation between the outer membrane permeability index and bacterial sensitivity to aminoglycosides. However, it is not a linear correlation, which might reflect the structural differences between pNPP and aminoglycosides.
On the basis of the working model of two-component regulatory systems, it is likely that PprA and PprB regulate the expression of downstream genes in response to a certain environmental cue(s) which in turn affects membrane permeability. In the absence of such an environmental signal, a simple increased level of expression of the response regulator alone resulted in higher membrane permeability and increased sensitivity to antibiotics, presumably through increased basal levels of expression of the downstream genes. Once stimulated by the natural environmental cue(s), the effect of PprA and PprB is expected to be much greater. Identification of downstream genes regulated by PprA and PprB will provide clues for the natural signals to which this system responds. Most interestingly, the pprB gene was recently reported to be suppressed during the formation of a biofilm (36), a structure in which bacteria are highly resistant to various antimicrobials, including aminoglycosides. The relevance of pprA and pprB to biofilm formation is not known at this point.
Although the mechanisms of resistance among the clinical isolates that we have tested are not known, introduction of the pprB gene was sufficient to confer increased sensitivities to aminoglycosides to a majority of them; thus, those isolates are likely to have permeability defects, whereas the remaining four isolates on which pprB had no effect might also harbor other mechanisms of resistance, such as aminoglycoside-modifying enzymes and/or the MexXY efflux system. A more definitive answer to the effectiveness of pprA and pprB on aminoglycoside uptake relies on surveys of clinical isolates whose resistance mechanisms are well defined.
An understanding of the mechanisms of antibiotic resistance is indispensable to the discovery of new agents that inhibit bacterial resistance. Well-studied examples are inhibitors of ␤-lactamases, clavulanic acid, sulbactam, and tazobactam, which are used in combination with ␤-lactams to treat infections caused by bacterial pathogens that harbor ␤-lactamase enzymes (26) . The pprA-pprB system could be used to screen for chemicals that specifically increase bacterial cell membrane permeability, which can be used together with aminoglycosides to fight infections caused by multidrug-resistant P. aeruginosa isolates.
